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Introduction
Post-inflammatory scarring is a common cause of disease in a number of organs, including the lung, joint, and gut. Indeed, this poorly understood condition is particularly important in the kidney, where it accounts for most cases of chronic renal failure requiring renal replacement therapy. In glomerular disease, increases in number of mesangial cells often herald sclerosis and loss of function. Moreover, this is the case not only in glomerulonephritis, but also in diabetic glomerulopathy, a further important cause of renal failure. Glomerular mesangial cells are thought to play a key role in promoting glomerular scarring as they elaborate extracellular matrix, secrete proinflammatory cytokines and regulate glomerular blood flow (1) (2) (3) . Consequently, a major focus for research into the pathogenesis of glomerulosclerosis has been to define mechanisms underlying proliferation of glomerular mesangial cells in vitro and in vivo (2, (4) (5) (6) (7) .
However, accumulation of mesangial cells does not inevitably lead to glomerular scarring. In many disease states mesangial proliferation may resolve, allowing glomerular structure and function to return to normal (8) . This point is emphasized by self-limited mesangial proliferation induced in rats by administration of antibody to Thyl . 1, in which mesangial cell number spontaneously returns to normal after a period of intense mesangial proliferation induced by antibody-mediated glomerular injury (9, 10) . Therefore, observations in human glomerular disease and animal models demonstrate that there must be mechanisms by which excess mesangial cells can be cleared from the glomerulus. However, these have received scant attention despite the obvious fact that mesangial cell number is determined by the balance between cell division and disposal. Indeed, the fate of surplus mesangial cells has been obscure.
In many other tissues it is now increasingly recognized that unwanted cells are cleared by undergoing "programmed" cell death or apoptosis, which eliminates cells without inciting an inflammatory response. This is because cells dying by apoptosis are swiftly recognized and ingested by phagocytes before release of toxic contents, unlike accidental cell death or necrosis (11, 12) . Apoptosis is tightly regulated by complex interplay between factors extrinsic and intrinsic to the cell (12, 13) , as exemplified by the precise matching of cell deletion by apoptosis to cell birth by mitosis in healthy tissues undergoing normal turnover, where cell numbers remain constant. Apoptosis is also inconspicuous because only a small portion of the program can be detected by conventional histology. Thus, once chromatin condensation and other morphological changes typical of apoptosis occur, often many hours after cell death is triggered, measurements in a number of tissues indicate that uptake and degradation of apoptotic cells by phagocytes is so swift that only 0.5-2.0 h elapse before such cells are no longer histologically recognizable, the so-called clearance time (11, (14) (15) (16) . Consequently, apparently small changes in the absolute number of apoptotic cells in a tissue may have dramatic consequences; a rise in apoptotic index of 1% without a commensurate change in mitosis could result in loss from a tissue of as many as 24% of cells over a 24-h period if the clearance time is 1 h.
Apoptosis therefore represents a candidate mechanism for removal of large numbers of excess mesangial cells which might have been easily overlooked in preceeding studies of nephritis. Indeed, such a role was cautiously proposed in the original description of apoptosis in biopsies taken at a single time point in the course of various types of human glomerulonephritis like mesangial cells of diseased glomeruli (18, 19) . Indeed, in vitro study of the best available model of such cells, cultured mesangial cells, has suggested that they might be particularly resistant to this form of cell death. Thus, cultured mesangial cells can elaborate a number of growth factors with demonstrated or potential autocrine effects (4). Furthermore, mesangial cells may apparently remain in a quiescent and viable state for many days in vitro in the presence of minimal added growth factors (1, 4) . The purpose of this study was to examine the hypothesis that glomerular mesangial cell apoptosis is a mechanism capable of mediating mesangial cell clearance during resolution of mesangial proliferative nephritis. We found that the program of apoptosis is available to mesangial cells in vitro, occurring at low levels in cycling cultures of mesangial cells, and increased by deprivation of growth factors and by cycloheximide. In vivo, histological study in the Thyl .1 rat model of self-limited mesangial proliferative nephritis revealed unequivocal evidence of apoptosis in the mesangium, leading to phagocytosis of apoptotic cells by neighboring mesangial cells. Apoptosis was greatly increased when compared with the normal rat glomerulus, and the balance between the increased frequencies of apoptosis and mitosis strongly suggested that apoptosis was the major mechanism mediating resolution of glomerular hypercellularity in the Thy 1.1 model.
Methods
Tissue culture materials. All reagents were from Sigma Chemical Co. (St. Louis, MO) unless otherwise stated. Culture media (RPMI 1640) and supplements (100 U/ml penicillin, 100 pg/ml streptomycin, 2 mM glutamine, 10% FCS and insulin/selenium/transferrin growth supplement) were from Gibco Laboratories (Grand Island, NY). Sterile tissue culture plasticware was from Falcon Plastics (Cockeysville, MD).
Culture of mesangial cells. Mesangial cells were prepared by standard methods of serial culture/trypsinization in tissue culture flasks of adherent outgrowth cells from glomeruli obtained by sieving of kidney cortex, as described (1, 20, 21) . Kidneys were from humans (normal cortex from organs removed for renal cell carcinoma), pigs, and Wistar rats. Cells were cultured in RPMI 1640 with 10% FCS and supplements as above, including 5 ml/500 ml growth supplement (25 mg/ml insulin from bovine pancreas, 25 mg/ml human transferrin, and 25 tg/ml sodium selenite). The cells were used between passages 4 and 6 after subculture into 24-well plates. Considerable care was taken to verify the phenotype and purity of mesangial cells, as in our previous studies (20, 21 ) . Mesangial cells exhibited typical stellate morphology when subconfluent, while upon becoming confluent they adopted the wellrecognized elongated conformation; if cultured beyond confluence typical "hillocks" were seen (1) . Upon electron microscopy (EM)' (see below), mesangial cells exhibited characteristic features such as abundant microfilaments, and, upon immunofluorescence, they contained organized a-smooth muscle actin (not shown; previously presented in reference 21), excluding the remote possibility that these cells were fibroblasts. There was no evidence that macrophages had persisted to contaminate mesangial cell cultures; these cells did not exhibit macrophage markers such as leukocyte functional antigen-1 integrin expression (assessed by immunofluorescence flow cytometry) or acetylated LDL uptake, nor did they exhibit macrophage functional properties such as phagocytosis of opsonized zymosan particles. Furthermore, in 1. Abbreviations used in this paper: EM, electron microscopy; PI, propidium iodide; TdT, terminal deoxynucleotidyl transferase; TUNEL, TdT-mediated dUTP-biotin nick end labeling. addition to lack of acetylated LDL uptake, lack of immunostaining for Factor VIII-related antigen and cytokeratin excluded contamination with glomerular endothelial or epithelial cells, respectively (data not shown).
Morphology of cultured mesangial cells. Cells were examined by a number of morphological techniques to confirm apoptosis. Inverted fluorescence microscopy of undisturbed mesangial cell cultures, to which was added acridine orange dye at a final concentration of 10 /ug/ml, was used to quantify apoptosis. Apoptotic cells were readily identifiable by shrinkage and condensation of chromatin (reference 22; see also Fig. 4 ).
Oil-immersion light microscopy of May-Giemsa cytospins was used to confirm apoptosis in cells detaching from the monolayer after growth factor deprivation. Cells were harvested from supernatant by centrifugation (275 g for 4 min), and viability was checked by trypan blue exclusion.
EM was performed on pellets of harvested detached cells and on sections through adherent cultures of mesangial cells taken in planes parallel to the culture substrate. After fixation in 2% glutaraldehyde, cells were washed in phosphate buffer, osmicated, and dehydrated in a series of graded alcohols before being suspended in Taab resin and polymerized at 60'C overnight. Sections of 1 mm were cut and stained with toluidine blue for observation at light microscopy level. Ultrathin sections of 100 nM were then cut, collected on nickel grids, and stained with uranyl acetate and lead citrate, for observation on a Philips CM10 electron microscope.
Induction and assay of apoptosis in cultured mesangial cells. Growth factor deprivation was achieved by gentle washing (x2) and then incubation of adherent mesangial cell cultures in RPMI 1640 medium with no added supplements. In each experiment some wells were returned to full medium (i.e., RPMI 1640 plus 10% FCS and insulin/ selenium/transferrin growth supplement) as a control. Cells were then incubated at 37°C/5% CO2 for periods of up to 8 h, a separate plate was used at each time point to ensure cell incubation was not interrupted. Apoptosis was quantified by inverted fluorescence microscopy after addition of acridine orange to otherwise undisturbed wells. Total cell number and apoptotic cells were counted first in the plane of the monolayer and then, by altering the plane of focus, in the supernatant above. Three randomly selected fields in each well were counted, and three wells were examined for each culture condition at every time point.
Cycloheximide was included at a final concentration of 50 MM in RPMI 1640 medium without added supplements or FCS in some experiments.
Demonstration ofDNA cleavage in cultured mesangial cells. Oligonucleosomal chromatin cleavage typical of apoptosis was sought in mesangial cells by standard techniques (23, 24) . Briefly, harvested mesangial cells were washed twice in HBSS and then lysed with NTE (100 mM NaCl, 10 mM Tris, 1 mM EDTA) buffer, pH 8, containing 1% SDS and proteinase K (0.2 mg/ml). After incubation at 37°C for 12 h, samples were extracted twice with 1:1 (vol/vol) phenol and chloroform:isoamylalcohol (24:1, vol/vol). Samples were then precipitated in 80% (vol/vol) ethanol at -20°C. The DNA was dissolved in 12 ,ul TBE (89 mM Tris, 89 mM boric acid, 2 mM EDTA) buffer, pH 8.4 , and to each sample 3 jl loading buffer was added containing 15% (wt/vol) Ficoll 400, 0.5% SDS, 50 mM EDTA, 0.05% bromophenol blue, and 0.05% (vol/vol) xylene cyanol in TBE buffer. The samples, together with XDNA (EcoRI) size markers, were loaded onto a 1% (wt/ vol) agarose gel containing ethidium bromide (30 1g/ml), electrophoresed at 60 V for 3 h, and then viewed by ultraviolet light.
Histological analysis of Thy].] nephritis. Mesangial proliferative nephritis was induced in normal male Wistar rats (Simonsen Laboratories, Inc., Gilroy, CA), 240-260 g, by a single intravenous injection of 0.2 ml/ 100 g goat anti-Thyl.1 antiserum (9, 10, 25) . In a pilot study, 24 rats were used, and 4 animals were killed at time 0 and at 5, 10, 14, 21, and 42 d after injection. In a second study, four rats were killed at time 0 and 3, 5, 7, 10, and 14 d; two animals were also killed at 8 h to ensure early mesangiolysis. In each case the left kidney was removed, cut into pieces, and immediately fixed. . Inverted fluorescence microscopy of mesangial cells deprived of growth factors. Acridine orange stain (X200). A shows view in plane of cell monolayer, after 2 h of growth factor deprivation; a single shrunken apoptotic cell with condensed chromatin is seen (arrow). B shows view in plane of medium, after 4 h of growth factor deprivation. Three apoptotic cells are seen (arrows). Figure 11 . Coincidence of apoptosis and mitosis in same glomerulus at day 5 of Thyl.I nephritis. A shows that mitosis and apoptosis coincided in the same glomerulus more frequently than would be predicted from percentage of glomeruli containing either an apoptosis or a mitosis. Mean±SD, n = 4. *, Mitoses; u, apoptoses; a, mitosis only; E, apoptosis only; ri, both; and *, predicted coincidence. B is oil-immersion light micrograph of PAS-stained 4-pum section, showing apoptosis (fat arrow) and mitosis (thin arrow); note that these could not be resolved in the same focal plane, so that the apoptosis is slightly out of focus (compare with Fig. 8 B) . tions from 14 d. Arrowed are typical apoptotic bodies surrounded by halo, counted as a single apoptotic cell. Note mesangial position. B is oil-immersion fluorescence microscopy of PI-stained section from 7 d; note condensed nuclear chromatin (thin arrow) and mitosis (broad arrow). C shows TUNEL-stained section at 5 d; note TUNEL-positive cell within halo (arrow) in mesangial position. D shows toluidine bluestained 1 -~tm section viewed under oil-immersion light microscopy (x600). Two apoptotic cells are present in the mesangium (arrows). E shows EM at 5 d (XI10,000). Fenestrated endothelial cell (En) can be clearly distinguished. Note mesangial cell (M) containing multiple apoptotic bodies at varying stages of degradation (open arrows). F is high power (x50,000) view of ingested apoptotic cell at extreme left of E, demonstrating bundles of mnicrofilaments (arrows).
Light microscopy was performed on 4-tim sections of tissue fixed in methyl Carnoy's solution and paraffin embedded, stained with periodic acid-Schiff (PAS) reagent and counterstained with hematoxylin. For each animal, 50 glomerular cross-sections were counted blind for total cell number and number of apoptotic cells by oil-immersion techniques. Some sections were processed for inmmunoperoxidase staining as described previously (10, 25) , using EDI (Bioproducts for Science, Inc., Indianapolis, IN), a murine monoclonal IgG to a cytoplasmic antigen present in rat monocyte macrophages (26) .
Fluorescence microscopy was performed by the same techniques on identical sections stained with propidium iodide (PI). This was done by incubating deparaffinized sections with 100dg/ml RNAse in PBS at 370C for 30 min and then with 0.25 mg/ml PI in PBS for 6 min ( 14) . Sections were then washed in PBS and mounted in neutral glycerin jelly. Gavrieli et al. (27) terminal deoxynucleotidyl transferase (TdT)mediated dUTP-biotin nick end labeling (TUNEL) method for detecting DNA breaks in situ was performed as described on 4% buffered paraformaldehyde-fixed, paraffin-embedded tissue. 4-jtm sections were deparaffinized and incubated with proteinase K 20 mg/ml for 15 min at room temperature. After quenching of endogenous peroxidases, sections were rinsed in TdT buffer (30 mM Tris, 140 mM sodium cacodylate, 1 mM cobalt chloride), pH 7.2, and incubated with TdT 1:100 and biotinylated-dUTP 1:200 in TdT buffer for 60 min at 370C. Labeled nuclei were detected with Vectastain ABC in PBS and DAB/nickel chloride/hydrogen peroxide and counterstained with methyl green.
EM was performed on tissue fixed in half-strength Karnovsky's solution, as described above.
Results
The program of apoptosis is available to cultured mesangial cells and apoptosis is increased by growth factor deprivation. In certain cell lineages, apoptosis can be triggered by deprivation of survival factors (28) (29) (30) (31) . However, in common with many cell types, mesangial cell survival factors have yet to be defined. Nevertheless, although not necessarily synonymous with survival factors, growth or mitogenic factors can in certain circumstances promote cell survival (32) . Therefore, to model deprivation of survival factors, adherent cycling cultures of mesangial cells of validated purity and phenotype were deprived of growth factors. This was done by washing cells and then culturing in medium to which neither fetal calf serum nor growth supplements (such as insulin) had been added. At intervals over the next 8 h, cells were carefully examined by inverted microscopy and some cells were seen to have rounded up, condensed, or detached from the monolayer. Upon harvesting detached cells, which were > 98% viable by trypan blue exclusion, unequivocal evidence of apoptosis was obtained in human, porcine, and rat mesangial cells.
First, such cells showed typical light microscopical features of programmed cell death when examined on May-Giemsastained cytospins (Fig. 1 ). Second, apoptotic cells yielded typical ladders of oligonucleosomal fragments upon electrophoresis of extracted DNA (Fig. 2 ). Third, apoptosis in detached cells was confirmed by EM ( Fig. 3, A and B) . When undisturbed mesangial cell monolayers were sectioned for EM, cells in close association with the monolayer were seen undergoing apoptosis ( Fig. 3 C) , and very occasional apoptotic cells were observed within healthy looking neighbors ( Fig. 3 D) . Furthermore, cells with typical nuclear features of apoptosis could be demonstrated in or closely associated with mesangial cell monolayers by adding acridine orange to undisturbed wells and using inverted fluorescence microscopy ( Fig. 4 A) . Indeed, by carefully racking the objective up and down without disturbing the well, apoptotic cells could be counted in both supernatant and monolayer in the same field, enabling quantitation of apoptotic cells as a proportion of all cells ( Fig. 4 B) .
In all growth factor-deprived cultures of mesangial cells examined, there was a progressive increase in the proportion of cells with morphology of apoptosis, reaching a mean of -10% by 8 h in the case of human mesangial cells (Fig. 5 ). In control cultures, washed and then returned to fresh medium with 10% FCS and regular growth supplements, there was a consistent background level of apoptosis ( Fig. 5 ), which was similar in magnitude to that seen in undisturbed cycling cultures (data not shown). These data demonstrated that the program of apoptosis is available to cultured mesangial cells, occurring at low levels in cycling cultures, which could be increased by fastidious growth factor deprivation for 8 h. Beyond this time, however, rigorous assessment of apoptosis became impossible because of a progressive increase in the number of swollen or disintegrating cells which failed to exclude trypan blue. It was therefore necessary to devise an alternative strategy to confirm that the program of apoptosis is available to a large proportion of mesangial cells.
Cycloheximide triggers apoptosis of cultured mesangial cells. In many cell types, the program of apoptosis may be engaged by low-grade toxic stimuli. For example, although the mechanisms of action are unknown and may therefore vary between cell types, the protein synthesis inhibitor cycloheximide can trigger apoptosis in, for example, myeloid cells (33) and Rat 1 fibroblasts (34) . Cycloheximide greatly increased the proportion of growth factor-deprived mesangial cells undergoing apoptosis within 8 h ( Fig. 6 A) , which was confirmed by typical chromatin cleavage ( Fig. 6 B) , demonstrating that the program of apoptosis is available to a large proportion of cultured mesangial cells. Next we sought evidence that apoptotic cells can undergo apoptosis in vivo.
Apoptosis occurs in resolving mesangial proliferative nephritis. A pilot study of Thyl .1 nephritis in rats was undertaken (Fig. 7) , in which animals were killed at time points up to 42 d for histological examination of their kidneys by conventional oil-immersion light microscopy of PAS-stained sections. In keeping with previous reports (9, 10) , glomerular cell number reached a peak at 10 d and by 42 d was progressively falling toward normal. Furthermore, the number of mitotic figures peaked at 5 d, as expected (9, 10). Apoptotic cells were identified by typical condensation of nuclear chromatin and cytoplasm and, as reported in many other tissues, usually appeared as a single dense body within a "halo" consistent with shrinkage and separation from surrounding cells. In some cases, a single halo contained more than one body of chromatin ( Fig. 8 A) . Since "budding" of condensed nuclei is a well-recognized feature of apoptosis, such cells were scored as representing only one apoptotic cell. Before administration of anti-Thyl.1, glomerular cell apoptosis was very rare, occurring in 0.01% of cells. Consistent with a role in cell removal, however, apoptosis was about fivefold more frequent between days 10 and 42, a period when glomerular cell number was falling. Unexpectedly, however, the peak of apoptosis appeared to coincide with the peak of mitosis; in other models of resolution of hypercellularity it has been reported that a wave of mitosis is followed by a wave of apoptosis (35) . To check this finding and confirm assignment of cells as apoptotic, a second time course experiment focusing on the first 14 d was performed.
Histological confirmation of apoptosis in the mesangium. In the second series of rats with Thyl.1 nephritis, tissue was prepared to allow assessment of apoptosis by various histological techniques. There was unequivocal evidence of glomerular cell apoptosis (Fig. 8 ). First, light microscopical appearances were confirmed by oil-immersion fluorescence microscopy of paraffin-fixed sections stained with PI, which revealed apoptotic cells with typical homogeneous condensation of chromatin ( Fig.  8 B) . In keeping with regular light microscopy, such cells were nearly always seen in a mesangial position and were only very rarely in capillary loops or Bowman's space. Second, TUNEL was used to detect cells with cleaved DNA (27); internucleosomal chromatin cleavage is a highly characteristic biochemical feature of apoptosis (36) which we had already demonstrated occurred in cultured mesangial cells (Fig. 2) . The TUNEL technique stained shrunken cells within halos in the mesangium which appeared typical of apoptotic cells (Fig. 8 C) , although some cells with this appearance did not show definite staining, possibly because they were in early stages of chromatin degradation. Lastly, plastic sections were examined by light and EM, which revealed typical apoptotic cells (Fig. 8 D) . At the EM level (Fig. 8 , E and F) it was apparent that apoptotic cells were almost exclusively inside other cells within the mesangium, emphasizing the efficiency of phagocytic clearance. In keeping with many previous studies (11, 14, 20, 23 ), cytoplasmic condensation and/or degradation of ingested apoptotic cells precluded confident identification of the lineage of ingested apoptotic cells ( Fig. 8 E) , although there were examples of ingested cells with bundles of microfilaments consistent with a mesangial cell origin (Fig. 8 F) .
Increased apoptosis initially correlates with mesangial cell mitosis, but persists longer. Counts of glomerular cell number, mitosis, and apoptosis were performed by light microscopy (PAS) and fluorescence microscopy (PI), yielding very similar results (Fig. 9, A and B ). Both techniques showed that mitosis peaked at 5 d and returned to normal low levels by day 14. Total glomerular cell number steadily increased from day 3 to peak at days 7-10 before a fall first became apparent at day 14. Both techniques also showed that apoptosis was rare at time 0 and, in common with mitosis, increased to reach a peak at 5 d. Indeed, the peak frequency of apoptosis was between 5-and 10-fold greater than in normal rat glomeruli, indicating that in the injured glomerulus there was a great increase in cell clearance by apoptosis. Moreover, unlike mitosis, apoptosis remained increased above baseline at 14 d. To check these find- ings, TUNEL was performed at a limited number of time points ( Fig. 10 ) and confirmed persistent elevation of apoptosis above baseline at 14 d and a peak at 5 d 10-fold greater than at 0 h. However, the absolute number of TUNEL-positive cells was consistently lower than that counted by light or fluorescence microscopy (as alluded to above, there was evidence that, in the tissue we studied, TUNEL was less sensitive for detection of apoptotic cells than microscopic techniques). Thus the coincidence of the peaks of apoptosis and mitosis observed in the pilot study ( Fig. 7 ) was confirmed. Indeed, the coordinated nature of these events was emphasized by the observation that apoptosis and mitosis coincided in the same glomerulus more frequently than would be predicted by chance alone (Fig. 11  A) , not less frequently as would have occurred if there were subpopulations of glomeruli in which conditions favored either apoptosis or mitosis but not both. Indeed, apoptotic cells and mitotic figures were often seen in very close spatial association ( Fig. 11 B, and see also Fig. 8 B) . Changes in the ratio of apoptosis to mitosis are commensurate with changes in cell number. From days 3 to 7 inclusive, during which time glomerular cell number increased, it is readily appreciated from Fig. 9 that mitosis was about twofold more frequent than apoptosis (e.g., at 5 d, 16.8±2.9 [mean±SD, n = 4] mitoses and 8.3 ±4.3 apoptoses per 50 glomerular crosssections were observed by PAS staining, while the figures were 18.5 ±4 mitoses and 11.0±1.4 apoptoses by PI). Although some of the increase in glomerular cell number reflected infiltration by leukocytes (the vast majority of which were macrophages), Table I demonstrates that this only represented a small proportion of the total increase in glomerular cell number, which previous studies have shown is predominantly accounted for by mesangial cell proliferation (10, 25, (37) (38) (39) (40) . Furthermore, at days 10 and 14, between which glomerular cell number fell, apoptosis was seen more frequently than mitosis. Indeed, not only did cell number decline at a rate similar to that at which it had increased between days 3 and 7, but also the disparity in fre- quencies of apoptosis and mitosis was similar in magnitude but reversed, so that apoptosis was detected about twofold more frequently than mitosis (e.g., at 
Discussion
In this study we have examined the hitherto obscure mechanisms by which surplus mesangial cells are cleared from glomeruli during resolution of mesangial proliferative nephritis. Mesangial cell clearance is important to understand because undesirable accumulation of mesangial cells can herald glomerular scarring. Our data show that mesangial cells can undergo apoptosis. In culture, cycling cells exhibit a low frequency of apoptosis which can be increased by growth factor deprivation and cycloheximide, stimuli well known to induce apoptosis in other cell types. Furthermore, when compared with normal rat glomeruli, apoptosis occurs with greatly increased frequency in the mesangium in the rat Thyl.l1 model of self-limited mesangial proliferation, where it leads to efficient phagocytosis of apoptotic cells by neighboring mesangial cells. The observed changes in frequency of apoptosis strongly suggest that, in glo-meruli mounting a mesangial proliferative response to injury, apoptosis is the major cell clearance mechanism counterbalancing cell accumulation due to increased mitosis, thereby mediating resolution of glomerular hypercellularity. The glomerulus is a discrete structure consisting of only three cell types and, therefore, offers special opportunities to gain insights into mechanisms underlying persistent inflammation and scarring, which cause irreversible loss of function of not only the kidney but also other vital organs. A large body of work has suggested that the specialized pericyte of the glomerulus, the mesangial cell, may play a crucial role in glomerular scarring because this cell type can summon leukocytes by secretion of proinflammatory cytokines and disrupt glomerular structure by excessive secretion of extracellular matrix (1) (2) (3) (4) 41) . Increased numbers of mesangial cells occur in many forms of glomerular disease before scarring ensues, and, since it is widely believed that this is a key event in glomerular scarring, great efforts have been made to define mechanisms by which mesangial cells proliferate (1) (2) (3) (4) . However, mechanisms which may counterbalance mesangial cell accumulation have received remarkably little attention, even though resolution of mesangial proliferation (the commonly used pathological term for increased mesangial cell number) is a well-recognized clinical phenomenon (8) . The major conclusion of this study is that clearance of surplus mesangial cells from the glomerulus can be mediated by apoptosis, a programmed form of cell death subject to external regulation.
First, we found that cultured mesangial cells can undergo apoptosis. This was despite a large body of previous work which emphasized that these cells may elaborate autocrine and paracrine growth factors and, perhaps as a consequence, may endure prolonged periods of growth factor deprivation in vitro in a quiescent state (for review see references 1 and 4). Notably, in many studies this state was achieved by including a low concentration of serum or plasma in medium, or including insulin (1, 4) . In our experiments these potential survival factors were rigorously excluded, and by 8 h up to 10% of human mesangial cells had undergone apoptosis. After this time, detached apoptotic cells began to disintegrate, precluding accurate quantification of apoptosis in undisturbed cultures. However, a high proportion of starved mesangial cells appeared to remain viable at 24 h, and others have observed that mesangial cell cultures without any added growth factors can survive for a few days without extensive loss of cells (Resch, K., personal communication). The possibility that cultured mesangial cells may be making proteins which keep themselves (or a high proportion of neighbors) alive was supported by our observation that the protein synthesis inhibitor cycloheximide was able to trigger apoptosis in a much greater proportion of cells than growth factor deprivation alone. However, although interrupted supply of a putative autocrine survival protein might be one mechanism by which cycloheximide can induce apoptosis in other cell types such as HL60 cells (33) , there are other potential mechanisms including a direct toxic effect. Nevertheless, future studies will need to define whether quiescent mesangial cells synthesize proteins protecting themselves or neighbors against apoptosis induced by deprivation of survival factors.
Second, we demonstrated the in vivo relevance of these findings in Thyl.1 nephritis, a valuable model of self-limited and selective proliferation of mesangial cells in which crucial insights into the pathogenesis of glomerular scarring have already been obtained (6, 10, 25, 37-40, 42). Administration of antibody to Thyl.1, which is expressed by mesangial cells in the rat, causes a brisk mesangiolysis, which is rapidly followed by rebound mesangial proliferation. The number of mesangial cells progressively rises from a nadir ofper glomerular cross-section to reach a peak at 10-14 d, when mesangial cell number is about double normal. Mesangial cell number then gradually returns to baseline, but the mechanisms responsible have been obscure. However, in this condition (as in many types of human glomerulonephritis) mesangial cells in diseased glomeruli assume a phenotype similar to that in culture, with features of the myofibroblast of skin wounds (18, 19, 37, 43) . This suggested that in Thyl.I nephritis surplus mesangial cells might be cleared by apoptosis because there is morphological evidence of myofibroblast apoptosis in resolving skin wounds (43) and because we had found that cultured myofibroblastlike mesangial cells could undergo apoptosis. Light microscopy of both PAS-stained paraffin sections and toluidine bluestained plastic sections, fluorescence microscopy of PI-stained paraffin sections, transmission EM, and terminal transferase labeling of DNA cleaved as a consequence of the endonuclease activity of apoptosis all revealed unequivocal evidence of mesangial apoptosis in Thyl.1 nephritis. Although there was some variability in the absolute number of apoptotic cells detected in different sections of healthy rat kidney by the three light microscopical techniques, it should be noted that there were dramatic increases (i.e., -10-fold) in the number of apoptotic cells during the course of the glomerular response to injury by Thyl.1 antibody. Furthermore, in keeping with many previous studies (11, 14, 20, 23 ) , EM studies showed that the vast majority of apoptotic cells had already been taken up by neighboring cells, emphasizing the speed and efficiency of this mode of cell clearance. Therefore, it is apparent that in this model of the glomerular proliferative response to injury there is a considerable increase in cell clearance by apoptosis when compared with the normal glomerulus. Indeed, the relationship between (a) the ratio of apoptosis to mitosis and (b) changes in glomerular cell number strongly suggests that apoptosis is the major mechanism by which excess glomerular cells are cleared during resolution of glomerular hypercellularity in Thyl.l nephritis. Thus mitosis exceeded apoptosis by up to twofold when cell number was increasing between days 3 and 7. However, when cell number was decreasing at an approximately similar rate between days 10 and 14, apoptosis exceeded mitosis by approximately the same degree. Caution is required in interpretation of these data, since the visible portions of the programs of apoptosis and mitosis only represent a small proportion of the time it takes to trigger and complete cell division or cell death, in each case being detectable by conventional histology for 0.5-2.0 h (11, (14) (15) (16) (44) (45) (46) . However, if some process other than apoptosis, for example cell emigration, were responsible for clearance of the majority of glomerular cells, then this pattern should not have been seen; one would not expect apoptosis to be more common than mitosis as cell number fell. Cell emigration may be important in clearance of macrophages from inflamed glomeruli (47) , but these cells make only a small contribution to the total increase in glomerular cell number. Therefore, because an appropriate relationship between apoptosis, mitosis, and cell number was retained during the course of Thyl.1 nephritis, we feel it is reasonable to propose that apoptosis is the major cell clearance mechanism counterbalancing mitosis and that no other process assumes a major role in cell clearance from the hypercellular glomerulus in Thyl.1 nephritis.
The data also strongly suggest that the majority of cells undergoing apoptosis in Thy 1.1 nephritis are mesangial cells. It should be appreciated that, except in circumstances where cells undergoing apoptosis have distinguishing cytoplasmic features such as neutrophil granules (23), it can be virtually impossible to determine the lineage of a cell undergoing apoptosis. This is because the highly reproducible morphological changes of apoptosis yield shrunken cells of sterotyped appearance and because apoptotic cells are rapidly ingested and degraded by neighboring phagocytes ( 11) . Furthermore, what might appear to be the cytoplasm of an apoptotic cell at the light microscopical level is often revealed by EM to be the cytoplasm of a phagocytic cell which has engulfed a neighbor, rendering light microscopical double staining approaches an unreliable way of defining the cell type undergoing apoptosis. Indeed, the lineage of apoptotic cells in vivo is nearly always inferred by knowledge of their position, the known composition and kinetics of cell populations at that site, and whether the suspected cell type is known to undergo apoptosis when in pure culture ( 11) . According to these criteria, it appeared most likely that the vast majority of apoptotic cells in Thyl.1 nephritis were derived from mesangial cells. First, apart from occasional examples, apoptotic cells occupied a mesangial position when examined by the technique with greatest spatial resolution, EM. Furthermore, there were examples of ingested apoptotic cells in early stages of degradation which appeared to contain bundles of microfilaments consistent with a mesangial cell origin. Second, it is well established that in Thyl.1 nephritis the vast majority of proliferating cells ( > 85%) express the Thyl.1 antigen, indicating that they are mesangial cells ( 10, 25, (37) (38) (39) (40) . This suggests that much the most major clearance task is reduction of expanded numbers of mesangial cells rather than other types of cell, particularly as most Thyl.1-negative proliferating cells have been identified previously as macrophages (10, 25, (37) (38) (39) (40) , which may leave the glomerulus to meet their fate elsewhere (47) . Low-grade endothelial cell proliferation probably does occur in Thyl.1 nephritis (Johnson, R. J., unpublished observations), but at most makes a very minor contribution to the burden of glomerular cells requiring clearance. Third, we showed that cultured mesangial cells, thought to be representative models of the mesangial cells of diseased glomeruli, underwent apoptosis in culture. To summarize, we feel that it is reasonable to conclude that the majority of cells undergoing apoptosis in the Thyl.1 model are mesangial cells. The mechanisms underlying regulation of mesangial cell apoptosis in Thyl.l nephritis are likely to be complex. Mesangial cell apoptosis triggered by deprivation of growth factors, as in culture, seems unlikely to be occurring in the growth factor-rich microenvironment of the injured glomerlus in Thyl.l nephritis. However, it is possible that deficiency of yet to be characterized mesangial cell survival factors could play a role if mesangial cell growth factors prove in future studies to be weak survival factors, since it is believed that proliferating cells may be particularly susceptible to undergoing apoptosis should survival factors be in short supply (28, 34) . However, it seems likely that other factors are involved in triggering mesangial cell apoptosis. These could include homeostatic death factors as implicated in Polunovsky and colleagues' (48) study of resolving fibroblastic granulation tissue in the lung. Ongoing studies will address these issues and will need to take care in comparision of in vitro and in vivo data.
Finally, the current data need to be set in the context of what is already known of apoptosis in the kidney. Building on our earlier finding that neutrophils are eliminated from inflamed sites by apoptosis leading to specific recognition by macrophages (23, 49, 50) , we demonstrated that this leukocyte clearance mechanism operates in the glomerulus (20) , but we did not examine clearance of resident glomerular cells. However, apoptosis has been implicated before as a homeostatic mechanism mediating removal of excess resident kidney cells, although this was in regression of tubular rather than glomerular hyperplasia (35) . Some similarity in the mechanisms involved may be inferred from preliminary reports that both murine tubular cells and mesangial cells can express various genes known to regulate apoptosis (51, 52) , important data which will require detailed examination in the future. Furthermore, since tubular cell apoptosis can be induced by injurious stimuli such as ischemia (53), it is important to note that injury may be one of a number of triggers to mesangial cell apoptosis. Indeed, although the principle mode of mesangial cell injury in the first few hours of Thyl.1 nephritis appears to be antibodyand complementmediated lysis, occasional apoptotic mesangial cells were seen, presumably reflecting cells undergoing apoptosis as a response to low-grade injury (9) . This emphasizes that the program of apoptosis may be engaged in ways which are not always beneficial for the health of the glomerulus. Nevertheless, our data suggest that in mesangial cells the program of apoptosis can also be engaged as a homeostatic mechanism controlling the size of the glomerular mesangial cell population and promoting resolution of the mesangial proliferative response to injury. Furthermore, since glomerular epithelial and endothelial proliferation can resolve in human disease, and because these cell types can be deleted by apoptosis in other organs (11, 48) , future studies of glomerular cell apoptosis should also examine control of epithelial and endothelial population size by this mode of cell death.
To conclude, we report in vitro and in vivo evidence indicating that the program of apoptosis is available to mesangial cells. This program may be engaged to limit increases in mesangial cell number in the face of a proliferative stimulus and to mediate removal of surplus mesangial cells once such a stimulus has passed. We speculate that failure to clear excess cells by apoptosis, perhaps due to local conditions promoting survival, could be a hitherto unrecognized factor in the pathogenesis of persistent mesangial cell hyperplasia and thus glomerular scarring. Indeed, future studies of control of apoptosis in the mesangial cell may not only shed light on this problem, but also might yield new therapeutic approaches toward glomerular disease designed to harness the power of apoptosis to clear away unwanted glomerular cells without serious disruption of structure or function.
